ments at 20 pounds pressure with no air discharged from the autoclave it was found possible to dispense with this complicating factor and to measure the air only at the beginning and end of each series of tests. In other experiments at lower pressures, Chamber Gauye Jacket Gauge C X~~~~~~C
FIa. 1. DIAGRAMTIC DRAWING OF AUTOCrAVE
The boiler is not shown. The Steam Control for Chamber represents a valve which passes steam from the jacket into the chamber. The Jacket is always directly connected with the boiler, so that the Jacket Gauge represents boiler pressure. The boiler and jacket can carry a full head of steam with the chamber empty. The rectangle within the chamber represents a rack designed to carry two rows of test swabs placed horizontally at six different levels indicated by the two rows of dots. "T. C." shows the approximate positions of the three thermocouple leads within the chamber. The left Exhaust Valve is shut and the right Exhaust Valve opened when one desires to empty the autoclave through the pneumatic trough. Both valves are opened to empty the autoclave past the pneumatic trough. The Steam Inlet opens into the middle of the back of the chamber. The exhaust valve opens from the bottom of the front of the chamber. however, the air was evacuated and measured at the end of each run before the test swabs were removed from the autoclave.
The percentage of air in the steam was calculated as follows: The air was actually measured at room temperature and pressure in the pneumatic trough; the volume it would occupy at the STEAM STERILIZATION AND AIR IN AUTOCLAVE temperature and pressure existing in the autoclave was then calculated by means of the gas laws. The amount of air in the steam was then expressed as a percentage,-for instance, 25 per cent air means that at the temperature and pressure in the autoclave the steam and air are respectively 75 per cent and 25 per cent by volume.
The following is a sample calculation for air volume. The air collecting cylinder was of the same diameter as the inside of the autoclave and the autoclave chamber had a total length of 20 inches. Hence 5 inches of air in the cylinder would be A of the total volume of the autoclave chamber. At 10 pounds gauge pressure and a temperature of 1100C. The temperatures within the autoclave were measured by means of three thermocouples which were customarily located at three different levels, one near the top, another one in the center and a third close to the bottom of the chamber. The thermocouples could be connected in turn by means of a multiple switch to a direct reading galvanometer. By maintaining the temperature of the constant junction at 100'C. in boiling water the temperature could be read quickly and accurately. When any considerable percentage of air was retained in the autoclave the lower thermocouple would always record a temperature of a few degrees below that registered by the upper two which were in close agreement. In this case the temperature for correcting the air volume reading was taken from the center thermocouple.
Clostridium oedematiens was employed as the main test organism. This bacterium is considered by a number of observers to be one of the most heat-resistant of any of the spore-forming organisms of surgical importance, an observation which was confirmed by one of us (Hoyt, 1934 A local strain of Clostridium botulinum A was also employed, mainly to check the experimental technic against a spore-former of extremely high heat resistance.' The resistance of Clostridium welchii and Clostridium tetani was also tested in a few instances.
All bacteria were grown for a minimum of 3 days in choppedveal infusion broth and each batch of cultures was checked microscopically for spore formation before being utilized in an experiment. Sterile swabs were dipped into these tubes and then usually inserted into a rack which held 12 swabs, the rack was placed in the autoclave and the swabs were directly exposed either to saturated steam or to mixtures of steam and air. At the end of the period of sterilization, the autoclave was rapidly emptied of steam and each swab was removed and cultured in a tube of chopped-veal infusion broth which had recently been boiled and allowed to cool; the swabs were then discarded and the cultures were overlaid with sterile melted vaseline. Each culture was labeled with the date and the position of its swab in the autoclave. Control cultures of unheated organisms were made at the time of each experiment.
The cultures were incubated at 370C. for a minimum of one month before being discarded. This was an arbitary time limit and we realize from the work of Dixon, Burke, Beck and Johnston (1925) and other reports that occasional spores may lie dormant for much longer intervals than this even when placed in a medium suitable for growth. In our results occasional tubes inoculated with C. botulinum A spores showed growth only after being incubated for periods ranging up to a month or more but the C. oedematiens cultures almost never became positive after an interval of more than 12 days.
Growth in the cultures was clearly evidenced by the production of gas which forced the vaseline away from the surface of the liquid. Smears were made from positive tubes chosen at random from time to time and stained by Gram's method to check the cultures for correct morphology. Very occasional cultures showed irregular evidences of growth, usually with a minimum of gas production; smears made from most of such tubes disclosed contaminants, usually staphylococci or diphtheroids. All tubes shown to contain contaminants were omitted from the tabulations of experimental results. Experiments were performed on 40 different days and involved a total of over 3,000 cultures exclusive of unheated controls. A check was made in a few experiments upon the relative resistance of moist and dried spores of C. oedematiens and C. botulinum A. To obtain dried spores, sterile swabs were dipped into spore-filled cultures of the organisms in question and then placed in sterile empty test tubes; these tubes were replugged and incubated at 3700. for one or more days. They were then exposed to steam in parallel with swabs that had recently been dipped into cultures of the same total length of incubation. In every instance it was evident that dried spores were considerably less resistant to heat than were the moist spores,-a fact which has been noted by previous workers (Esty and Meyer, 1922) .
Moist spores of locally isolated strains of Clostridium welchii and Clostridium tetani were also tested for their resistance to The remaining experiments concerned the effects of residual air in the autoclave. In work with saturated steam, the sporecovered swabs had been inserted vertically into the sterilizer, which meant that the test organisms were located approximately at the center level of the chamber. In the following experiments the swabs were inserted horizontally at six different levels ranging from near the top to near the bottom of the sterilizing chamber. The upper two levels approximated the upper thermocouple, the middle two the middle thermocouple and the lower two swabs corresponded to the level of the lower thermocouple. C. oedematiens was the test organism employed in these experiments.
Unsaturated steam is in no way as efficacious a sterilizing agent as saturated steam. This was definitely manifested in various ways which will be discussed separately.
A. Air in the autoclave lowers the internal temperature to a considerable extent. This lowering of temperature is an uneven phenomenon inasmuch as air is heavier than steam and tends to stratify beneath the steam. Six experiments were performed with an autoclave pressure of 10 pounds and with approximately 25 per cent of air in the sterilizer. As mentioned above, the test swabs occupied six different levels and temperatures were measured by thermocouples at 3 different levels in the sterilizing chamber. In all these tests the three thermocouples in saturated steam indicated a temperature of 115'C.-+1lC., while the temperatures shown with 25 per cent air approximated 1140C. for the upper thermocouple, 1130C. for the middle and 108'C. for the lower thermocouple. The cultural results in the various tests were fairly uniform and the following protocol is considered as representative of this entire series of experiments. Table 4 shows that 25 per cent air in the autoclave at a gauge pressure of 10 pounds caused the time required for sterilization of any swabs to be at least twice that of the controls in saturated steam; this differential between unsaturated and saturated steam was increased to at least five times when only the lowest swabs were taken into consideration.
Two experiments with 15 pounds pressure and 25 per cent air bore out the above findings. All control swabs were sterilized by 1 minute of exposure to 15 pounds of saturated steam whereas over 6 minutes was required to sterilize all swabs when 25 per cent air was present at this pressure.
B. A mixture of air and steam at any temperature is not as efficient a sterilizing agent as saturated steam at that same temp- Table 5 shows the results of a representative experiment. were as effective as those shown by unsaturated steam at 20 pounds pressure and possessing a minimum temperature of 115'C. These findings were borne out by the other experiments. C. Air in the autoclave cuts down the penetration of steam to a considerable extent. Two experiments were performed upon the rate of penetration of steam into uniform packages of rubber gloves. Each package consisted of a glove book containing two gloves. Two test swabs were thrust into the finger of each glove. A cloth wrapper was folded loosely around each package and tied with string. One thermocouple lead was inserted as closely as possible into the center of each package while a second lead ran to the outside. Only one package was employed in each test run and it was placed in the center of the sterilizing chamber. Fifteen -pounds gauge pressure of steam with 25 per cent air was contrasted with 15 pounds of saturated steam. Table 6 shows the results of one of these experiments. The thermocouple readings indicate that with unsaturated steam it took over 3 minutes for the inside of the loosely wrapped pack- Direct contact with 10 pounds of saturated steam will probably kill all surgically significant spores within 6 minutes and should even destroy the highly resistant spores of Clostridium botulinum within 20 minutes. When the pressure of saturated steam is increased to 15 pounds, complete sterilization should be obtained in approximately one third of the times mentioned above. In actual practice a margin of safety considerably above these times is customarily allowed for a number of reasons among which are the following:
1. It is at least conceivable that some spores may exist which are more heat-resistant than any yet reported.
2. Penetration of saturated steam into various packages or bundles may take considerable time even in a perfectly functioning autoclave.
3. Air is not always eliminated perfectly from the free chamber space in the average autoclave. Even when such elimination of air from the free chamber space has occurred, it often happens that local pockets of air may be trapped within the materials that are being sterilized. Local areas of unsaturated steam will result and sterilization in these local areas will be retarded.
4. Spores may become coated by various oily materials and thus be somewhat protected from free contact with saturated steam. The work of Dickson, Burke, Beck and Johnston (1925) appears to show that this is a point of considerable practical importance.
The experiments here reported indicate that the complete saturation of steam throughout an autoclave is a most important factor in the process of sterilization. If dilution with air takes place the efficiency of the sterilizing process is considerably reduced and this reduction is not merely a function of a reduction in temperature. It was clearly shown that a mixture of steam and air at a given temperature is a less efficient sterilizing agent than is saturated steam at that same temperature.
Our findings in this respect differ markedly from those recently published by Savage (1937) . This author placed dry spores in dry glass tubes and inserted bits of cotton wool as sources of steam. These tubes were then evacuated to varying degrees, sealed and heated for definite intervals at varying temperatures in a glycerol bath. Cultures were subsequently made and the results showed that residual air in the tubes had no effect on the sterilizing process. One should note, however, that our experimental set-up approximates actual working conditions in an autoclave much more closely than was the case in the experiments which Savage reported.
SUMMARY AND CONCLUSIONS
Experiments were performed in an autoclave on various sporeforming anaerobic bacteria to compare the sterilizing effects of saturated steam with mixtures of air and steam.
The autoclave was constructed to permit extremely rapid entrance and discharge of steam, direct temperature readings could be made from three levels in the chamber and the air content of the chamber could be quickly determined. The chief organisms employed were Clostridium oedematiens and Clostridium botulinum A.
The following thermal death times were determined for direct contact with saturated steam: 
